The neuroprotective effects of estrogen depend on age, type of menopause, and stage of menopause (timing hypothesis).
Introduction
The concept of neuroprotective effects of estrogen in women remains controversial because these effects may vary with the timing of treatment [1, 2] . Thus, we combined findings from both observational studies and clinical trials to explore the timing hypothesis in relation to cognitive aging and dementia. This article is a review of existing literature and includes some reanalysis of published data and the graphic combination of results. Figures 1 and 2 illustrate the existing evidence in support of a neuroprotective effect of estrogen in women.
of action. (1) Estrogen improves synapse formation on dendritic spines in hippocampi of ovariectomized rats [3, 4] . (2) Estrogen may improve cerebral blood flow and glucose metabolism, and it may act as an antioxidant [3] [4] [5] . (3) Estrogen increases choline acetyltransferase activity in the basal forebrains and hippocampi of ovariectomized rats [5, 6] . (4) Estrogen reduces the deposition of ␤ -amyloid in the brain, whereas progesterone has the opposite effect [7] . (5) Estrogen prevents mitochondrial damage [8] . Thus, there is strong and consistent evidence of neuroprotective effects of estrogen in animal models [2, 9] .
Evidence of Neuroprotective Effects of Estrogen in Women before the Age of Natural Menopause
Important observations on the effects of estrogen in younger women come from studies of women who underwent bilateral oophorectomy before reaching natural menopause. The hormonal changes occurring after bilateral oophorectomy in premenopausal women are different from those occurring during natural menopause or after bilateral oophorectomy in women who already experienced natural menopause. In particular, bilateral oophorectomy before menopause causes an abrupt deficiency of estrogen as well as a deficiency of Women who underwent bilateral oophorectomy and were treated with estrogen through age 50 years or later had the same risk of cognitive impairment or dementia as the general population. c Women who underwent natural menopause and were treated with estrogen in the early postmenopausal phase (most commonly at ages 50-60 years) had a reduced risk of cognitive impairment or dementia. d Women who underwent natural menopause or surgical menopause (hysterectomy with or without bilateral oophorectomy) and initiated estrogen treatment (ET) at ages 65-79 years had an increased risk of cognitive impairment and dementia. The apparent paradox of these four clinical situations is resolved by postulating an interaction between timing and ET (timing hypothesis).
progesterone and testosterone, and a disruption of the hypothalamic-pituitary-ovarian axis [8] . The disruption of the axis is associated with an abrupt increase in gonadotropins (luteinizing hormone and follicle-stimulating hormone).
The available scientific evidence on cognitive sequelae of bilateral oophorectomy is limited [9, 10] . However, the recent Mayo Clinic cohort study showed an almost doubled long-term risk of cognitive impairment or dementia in women who underwent oophorectomy before menopause ( fig. 1 a) [9] . The study also showed a trend of increasing risk of cognitive impairment and dementia with younger age at time of oophorectomy [9] . It remains uncertain whether the harmful effects of bilateral oophorectomy are mediated entirely by estrogen deficiency or also by other hormonal mechanisms [8, 11] . However, women who underwent bilateral oophorectomy before age 49 years, but received estrogen treatment (ET) through age 50 years or longer, did not experience an increased risk of cognitive impairment or dementia ( fig. 1 b) [9] .
The only experimental evidence specific for ET after bilateral oophorectomy in women comes from the clinical trials of Sherwin and colleagues involving small groups of women with short-term treatment and minimal follow-up (2-3 months). These short-term trials consistently suggested a neuroprotective effect of estrogen when initiated after oophorectomy [12] .
Evidence of Neuroprotective Effects of Estrogen in Women in the Early Postmenopausal Phase
Case-control and cohort studies have consistently shown a protective effect when ET was started in early postmenopause (most commonly at ages 50-60 years; fig. 1 c) [13] [14] [15] . These observational findings have been criticized because they could be the result of confounding. It is argued that other factors such as higher socioeconomic status, higher education, or better general health may be the real causes of neuroprotection and that ET is only a surrogate marker. However, it is also possible that the observational findings are not due to confounding and that the contradiction between observational studies and clinical trials is due to timing differences.
Evidence of Deleterious Effects of Estrogen Initiated in the Late Postmenopausal Phase
The Women's Health Initiative (WHI) clinical trials showed an increased risk of dementia or mild cognitive impairment among women who initiated treatment with estrogen alone or in combination with progestin at ages 65-79 years ( fig. 1 d) [16, 17] . However, these trials focused on the effects of ET initiated many years after the onset of natural menopause, and the discrepancy be- 
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LeBlanc et al. [13] Waring et al. [14] Zandi et al. [15] Late postmenopause CEE only, Shumaker et al. [16] CEE + MPA, Shumaker et al. tween the WHI results and observational data may be explained by the timing of initiation of estrogen [1, 2] . Indeed, the effects of estrogen on the brain are probably preventive, and when vascular or degenerative lesions have occurred, estrogen cannot reverse the lesions. The results from the WHI clinical trials have been inappropriately extrapolated from women in the late postmenopausal phase to younger women in the early postmenopausal phase, and to much younger women who underwent bilateral oophorectomy before menopause. Thus, after publication of the WHI results, many women discontinued ET or avoided starting ET at all ages, including women who underwent bilateral oophorectomy before age 50 years [18] [19] [20] .
Conclusions
A combination of current scientific evidence from animal studies and from both observational studies and clinical trials suggests that estrogen is neuroprotective; however, the neuroprotective effects are dependent on age, type of menopause, and stage of menopause. The apparent contradiction of results from observational studies versus results from clinical trials may be explained by the timing hypothesis ( fig. 2 ) .
